Background: Type 1 interferons (IFN1) mediate defense against viruses but their role in regulating retrotransposon activities is unknown. Results: LINE-1 retrotransposon induces IFN1, which in turn inhibits LINE-1 retrotransposition. Conclusion: IFN1 regulate activities and propagation of LINE-1. Significance: Given that retrotransposons alter the genome, IFN1 play a role in maintenance of genomic integrity.
Type I interferons (IFN) including IFN␣ and IFN␤ are critical for the cellular defense against viruses. Here we report that increased levels of IFN␤ were found in testes from mice deficient in MOV10L1, a germ cell-specific RNA helicase that plays a key role in limiting the propagation of retrotransposons including Long Interspersed Element-1 (LINE-1). Additional experiments revealed that activation of LINE-1 retrotransposons increases the expression of IFN␤ and of IFN-stimulated genes. Conversely, pretreatment of cells with IFN suppressed the replication of LINE-1. Furthermore, the efficacy of LINE-1 replication was increased in isogenic cell lines harboring inactivating mutations in diverse elements of the IFN signaling pathway. Knockdown of the IFN receptor chain IFNAR1 also stimulated LINE-1 propagation in vitro. Finally, a greater accumulation of LINE-1 was found in mice that lack IFNAR1 compared with wild type mice. We propose that LINE-1-induced IFN plays an important role in restricting LINE-1 propagation and discuss the putative role of IFN in preserving the genome stability.
Type 1 interferons ((IFN)
2 including IFN␣ and IFN␤) play a major role in anti-viral defenses (1) . These cytokines act by interacting with the Type 1 IFN receptor that consists of IFNAR1 and IFNAR2 chains and mediates all cellular effects of IFN (2) (3) (4) . Association of IFN with a heteromeric receptor leads to activation of Janus kinases TYK2 and JAK1 and phosphorylation-dependent activation of the Signal Transducers and Activators of Transcription (STAT1/2) proteins. These proteins interact with IRF9 to form a potent transcription factor that up-regulates the expression of several hundreds of IFNstimulated genes, whose products both elicit anti-viral effects and contribute to the development of the inflammatory tissue injury (2, 3, (5) (6) (7) (8) . Since integration of viruses into host DNA induces genetic changes (9) , it may be hypothesized that antiviral cytokines including IFN can also play a role in maintaining the integrity of the host genome.
During evolution, eukaryotic genomes have been undergoing incessant modifications due to diverse events including the activities of mobile genetic elements (10) . For example, the Long Interdispersed Element-1 (LINE-1) retrotransposons commonly found in many types of mammalian cells (11) have propagated to such extent that they constitute a substantial fraction of genome mass (12) . Active propagation of LINE-1 and similar retrotransposons involves near random insertion of these elements into genomic DNA and, accordingly, may lead to gene disruption and an increase in genomic instability (13) . Accordingly, germ cells guard their genome by developing a sophisticated and efficient system involving MOV10L1 RNA helicase and Piwi proteins that suppress propagation of LINE-1. Recent analysis of mice that lack Mov10l1 showed that spermatocytes from these animals exhibit an increase in LINE-1 activity, massive DNA damage, and post-meiotic proliferation arrest (14) .
Here we report that germ cells from the Mov10l1 knock-out mice that express highly active LINE-1 also exhibit elevated expression of IFN␤. Using in vitro models of LINE-1 replication in cells we found that LINE-1 stimulates the expression and function of IFN and that the latter functions to suppress LINE-1 propagation. An increased rate of LINE-1 propagation was found in cells and mouse tissues deficient in IFN signaling. These results suggest that IFN produced in response to LINE-1 activities can restrict the very activities of these retrotransposons.
MATERIALS AND METHODS
Plasmids, siRNAs, and Other Reagents-The LINE-1-EGFPpuromycin reporter constructs (15, 16) pEF06R (which encodes the ORF2 protein with functional endonuclease) and pEF05J (encodes endonuclease-deficient ORF2) were kindly provided by Eline T. Luning Prak (University of Pennsylvania). Human IFNAR2 expression vector pMT2T-hIFNAR2-HA was a generous gift from John Krolewski (University of Rochester Medical Center). The sense strand sequences of siRNAs (Ambion) directed against target molecules were as follows: human RNaseL (5Ј-GGAAGUCUCUUGUCUGCAAtt-3Ј), human MOV10 (5Ј-GACCCUGACUGGAAAGUAUtt-3Ј), mouse IFN␤ (5Ј-GAAUGAGACUAUUGUUGUAtt-3Ј), scrambled siRNA (siCon, Ambion Silencer Negative Control No. 1). Human IFN␤ (PBL Inc), and puromycin (Sigma) were purchased.
Cells, Cell Lines, Culture Conditions-Primary mouse embryonic fibroblasts (MEFs) were prepared from the embryos of wild-type C57Bl/6J mice as previously described (17) . Briefly, embryos were collected from the pregnant mice on day 14 -16 of gestation. Heads and internal organs were removed. Remaining tissue was minced and disassociated with 0.25% trypsin for 5 min. The cells were then plated in DMEM supplemented with 10% FBS (HyClone Laboratories), 100 units/ml penicillin, and 0.1 mg/ml streptomycin. Two hours later, the adherent MEFs (P0) were washed twice with phosphate-buffered saline (PBS) and cultured in the complete medium again. Cells were passaged every 2-3 days. Only P2 and P4 MEFs were used in this study. HeLa cells and mouse NIH3T3 cells were obtained from ATCC. Human fibrosarcoma 2fTGH cells and its derivatives (U1A, U3A, and U5A), kindly provided by George Stark, Cleveland Foundation, were maintained in DMEM supplemented with 10% (v/v) FBS, 100 units/ml penicillin and 0.1 mg/ml streptomycin. U1A-derived stable clones expressing either wild type (WT) or kinase-deficient (KR) Tyk2 (described in Refs. 18, 19, a gift from Sandra Pellegrini, Pasteur Institute, Paris, France) were grown in the same medium with addition of G418 (400 g/ml).
Antibodies and Immunofluorescent Analysis-All the primary and secondary antibodies were diluted in blocking buffer (5% BSA and 0.1% Tween-20 in PBS). The following primary antibodies were used: anti-mouse IFN␤ was purchased from Millipore. Anti-IRF7 was purchased from Abcam. Secondary antibody used in this study was Alexa Fluor 594 goat anti-rabbit IgG (HϩL) (Invitrogen).
NIH3T3 cells were plated in 35 mm collagen-coated glass bottom dishes (MatTek Corporation). The next day, the cells were transfected with siRNA (control or against IFN␤) or treated with Abs (control or neutralizing antibody against IFN␤, from Leinco Technologies, both at 10 g/ml). Twentyfour hours later, the cells were transfected with LINE-1-EGFPpuromycin reporter constructs. After 30 h, cells were fixed with 4% paraformaldehyde (Affymetrix) in PBS for 10 min at room temperature. The fixed cells were washed three times with PBS and permeabilized with 0.25% Triton X-100 in PBS for 10 min. After another PBS wash, cells were blocked by incubation with 5% BSA and 0.1% Tween-20 in PBS for 1 h at room temperature. The cells were then incubated with primary antibodies overnight at 4°C. The cells were washed three times with PBS and incubated with secondary antibody for 1 h at 37°C in the dark, washed twice more with PBS, and treated with DAPI (Sigma) (1 g/ml) for 2 min. The cells were then washed twice and imaged using the Zeiss LSM710 confocal with a 40ϫ objective lens. All images were processed and quantified using the Fuji software (20) . A total of at least 25 fields of cells randomly selected from three independent experiments were scored per group for quantification of percentage of single or double positive cells for GFP, IFN␤, or IRF7 proteins in a double blind manner.
Antibodies and Immunoblots-Antibodies against IFNAR2 (Santa Cruz) and TYK2 (Cell Signaling) were purchased. Secondary antibodies conjugated to horseradish peroxidase were purchased from Millipore Bioscience Research Reagents. Immunoblotting procedures were described previously (17) .
LINE-1 Activation Assays-LINE-1 activation assays were carried out by determining the percent of GFP-positive cells (by flow cytometry) indicative of LINE-1 expression and retrotransposition as previously described (15, 21) with minor modifications. To determine the role of IFN␤ in LINE-1 retrotransposition, Hela cells were plated in a six-well tissue culture plate. The next day, Hela cells were transfected with LINE-1-EGFPpuromycin reporter construct using Lipofectamine 2000 (Invitrogen). Four hours later, the cells were washed and incubated with fresh medium with or without human IFN␤ (500 units/ml for 20 h). After that, cells were washed twice, incubated with fresh medium without IFN for 24 h and then selected in this medium supplemented with puromycin (3 g/ml) for 14 days.
To study the effect of endogenous MOV10 and RNaseL on LINE-1 retrotransposition, Hela cells were transfected with a control siRNA or siRNA against MOV10 or RNaseL using Lipofectamine RNAiMAX Transfection Reagent (Invitrogen). Twenty-four hours later, the cells were transfected with LINE-1-EGFP-puromycin reporter construct using Lipofectamine 2000 (Invitrogen) for four hours, washed, and incubated with fresh medium with or without human IFN␤ (500 units/ml for 20 h). After that, cells were washed and incubated with fresh medium without IFN␤ for 24 h. An aliquot of the cells without IFN␤ treatment was used to analyze the mRNA levels of MOV10, RNaseL and IFN␤ by QPCR. The remaining cells were re-plated and then subjected to puromycin selection (3 g/ml for 72 h). To study the role of IFNAR1 in LINE-1 retrotransposition, Hela cells were transfected with indicated LINE-1-EGFP-puromycin reporter constructs and shRNA against IFNAR1 or against luciferase (control) using Lipofectamine 2000. After 48 h, cells were subjected to 14 days of puromycin selection prior to estimating percent of GFP-positive cells by flow cytometry.
In the experiments aimed to detect the effect of endogenous IFN␤ signaling on LINE-1 retrotransposition, 2fTGH cells and 2fTGH-derivatives were co-transfected with LINE-1-EGFPpuromycin and mCherry plasmids (to normalize transfection efficiency) for 48 h and then analyzed by FACS to assess doublepositive (GFP ϩ /RFP ϩ ) cells. Cells were analyzed using LSRFortessa flow cytometer (BD Biosciences). Results were quantified using FlowJo 7.6 software.
Semi-quantitative RT-PCR and qPCR-In experiments to study the expression of LINE-1 or IFN␤ in vivo, the testes collected from male mice (2-month-old Mov10l1 Ϫ/Ϫ and Mov10l1 Ϫ/Ϫ mice or 5-day-old Ifnar1 ϩ/ϩ and Ifnar1 Ϫ/Ϫ mice) were flash-frozen and pulverized in liquid nitrogen, homogenized in Trizol reagent (Ambion, Life Technologies), and extracted with chloroform. In experiments to study the effect of
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LINE-1 retrotransposition on the expression of IFN␤ and its targeted genes in vitro, primary MEFs were plated in 6-well tissue culture plate. The next day, the cells were transfected with LINE-1-EGFP-puromycin reporter constructs using Xfect™ Transfection Reagent (Clontech). After 30 h, total RNA of the cells were prepared with Trizol and chloroform.
Reverse transcription was carried out using Revertaid first strand cDNA synthesis kit (Thermo Scientific) and the cDNA was used for semi-quantitative RT-PCR and quantitative QPCR. Analyses of expression of genes were carried out using the following primers for targeted mouse molecules:
For targeted human molecules: Ifnb (FW, 5Ј-AGCTCCAAGA-AAGGACGAACAT-3Ј, REV, 5Ј-GCCCTGTAGGTGAGGT-TGATCT-3Ј), ␤-actin (FW, 5Ј-AGAGCTACGAGCTGCCT-GAC-3Ј, REV, 5Ј-CGTGGATGCCACAGGACT-3Ј). QPCRs were carried out by using Applied Biosystems 7500 Fast RealTime PCR system.
Statistical Analyses-Every shown quantified result represents an average of at least three independent experiments carried out in either triplicate or quadruplicate and calculated as means Ϯ S.E. The p values were calculated using the 2-tailed Student's t test.
RESULTS

LINE-1 Activities Stimulate IFN Expression and Signaling-
We have previously reported a high level of LINE-1 mRNA expression in testes from mice whose spermatocytes lack MOV10L1 (14) , RNA helicase, which is essential for silencing retrotransposons in the mouse male germline (14, 22, 23) . Intriguingly, when compared with the testes from heterozygous animals, Mov10l1 knock-out tissues expressed noticeably increased mRNA levels of not only LINE-1 but also Ifnb (Fig.  1A) . LINE-1 encodes ORF1 and ORF2 proteins; the latter har- bors endonuclease activity and is capable of inducing double strand breaks (21, 24 -26) . Given the reports that DNA damage-inducing agents (such as ionizing radiation and anti-cancer drugs) can increase IFN expression (27, 28) , we sought to determine whether such increase can be elicited in response to LINE-1 activation.
We transfected mouse embryonic fibroblast cells with LINE-1-expressing plasmids that enable detection of LINE-1 retrotransposition by expression of green fluorescent protein (GFP, (21) ). Transfection of cells with LINE-1 whose ORF2 was competent in endonuclease activity (EN ϩ ) stimulated expression of Ifnb mRNA (Fig. 1B) . Importantly, delivery of the EN Ϫ LINE-1 mutant whose ORF2 lacks the endonuclease function and, as a result, exhibits limited retrotransposition activity (29) led to a significantly lesser induction of Ifnb (Fig. 1B) . These results suggest that endonuclease-dependent LINE-1 retrotransposition stimulates IFN␤ expression.
To corroborate these results we used an immunocytofluorescence assay to assess the levels of IFN␤ protein in NIH3T3 cells that received LINE-1 and where its retrotransposition could be monitored by GFP expression (21, 30) . These studies showed that low yet detectable levels of IFN␤ protein were observed predominantly in the GFP-positive cells that received endonuclease-competent LINE-1 (Fig. 1C) . Targeting Ifnb mRNA with RNAi against this gene robustly decreased the number of IFN␤-positive cells indicating the specificity of IFN␤ expression analysis. Together these results suggest that LINE-1 retrotransposons are capable of activating the production of IFN␤. Surprisingly, the overall number of cells that enabled LINE-1 retrotransposition (GFP-positive cells) was increased upon the knockdown of IFN␤ (Fig. 1C) suggesting that, in turn, IFN␤ may control LINE-1 activities.
We next sought to investigate whether LINE-1-induced IFN␤ can function as an active cytokine. To this end, we measured mRNA levels of several known IFN-stimulated genes in mouse embryo fibroblasts transfected with LINE-1 plasmids. The expressions of Irf7, Isg15, Apobec3, and Mov10 were increased in cells that received endonuclease competent LINE-1 relative to the EN-deficient construct ( Fig. 2A) . Furthermore, the immunofluorescent analyses revealed an increase in IRF7 protein levels in the NIH3T3 cells that received the endonuclease-competent LINE-1 construct and became GFP-positive as a result of LINE-1 retrotransposition (Fig. 2B ). Very few (if any) IRF7-positive cells were observed in cells receiving the endonuclease-deficient mutant of LINE-1. Importantly, the IRF7 levels in GFP-positive cells could be decreased upon treating cells with IFN␤-neutralizing antibodies (Fig. 2B) . These results suggest that LINE-1 expression and retrotransposition can activate expression of IRF7 in a manner dependent upon functional IFN␤. will in turn limit the spread of these viruses (1). We next sought to determine whether the IFN produced in response to LINE-1 can affect the propagation of this retrotransposon. Quantification of immunofluorescence data showed that inactivation of IFN␤ using either RNAi (Fig. 1C) or a neutralizing antibody (Fig. 2B) increases the number of GFP-positive cells that should have integrated LINE-1. Additional studies examining the effects of anti-IFN␤ RNAi oligos and antibodies by immunofluorescence within the same experiment revealed an increase in GFP-positive cells upon IFN␤ inactivation (Fig. 3A) . These data suggest that endogenous IFN␤ produced in response to LINE-1 activities may limit the efficacy of LINE-1 retrotransposition.
IFN Suppresses LINE-1 Activity-Products of IFN-stimulated genes induced by IFN, whose expression is triggered by viruses,
To further determine the putative role of IFN in LINE-1 control, we used a standard LINE-1 retrotransposition assay in human HeLa cells (Fig. 3B and Refs. 16, 21) . This assay allows to assess LINE-1 retrotransposition by using fluorescence-activated cytometry for measuring the efficacy of the recombination of the LINE-1-EGFP reporter (16, 21) . We observed that efficacy of LINE-1 retrotransposition in HeLa cells was noticeably decreased after treatment of these cells with recombinant human IFN␤ (Fig. 3C) .
We next sought to investigate the mechanism by which exogenously added IFN␤ may inhibit LINE-1 replication. A ubiquitously expressed paralogue of MOV10L1, MOV10 was found among IFN-inducible genes (31) and shown to suppress activities of LINE-1 and other retrotransposons (32) . Importantly Mov10 mRNA levels were increased in mouse embryo fibroblasts that received endonuclease-competent LINE-1 ( Fig. 2A) .
The knockdown of MOV10 increased basal levels of LINE-1 retrotransposition and almost completely protected it from suppression by IFN␤ (Fig. 3, D and E) . Although knockdown of RNaseL (which was recently implicated in controlling the LINE-1 propagation (33)) increased the basal level of LINE-1 activities, the inhibitory effects of exogenous IFN␤ were still observed in these cells (Fig. 3, D and E) . The efficacy of knockdown of MOV10 and RNaseL were verified by qPCR (Fig. 3E) . Intriguingly, we found that elevated LINE-1 activities in cells receiving RNAi against MOV10 were found despite the fact that these cells expressed high endogenous levels of Ifnb mRNA (Fig. 3E) . These results indicate that MOV10 likely acts downstream of IFN signaling to restrict LINE-1 retrotransposition. Overall, these data support the critical role of MOV10 in the control of LINE-1 activities by IFN␤.
We next investigated the role of proximal mediators of IFN signaling in controlling LINE-1 propagation. The efficacy of retrotransposition of the endonuclease-competent LINE-1 in HeLa cells was robustly increased by knockdown of the IFNAR1 chain of IFN receptor (Fig. 4A) . While this experiment suggests that IFN signaling may restrict LINE-1 activities, its interpretation is somewhat confounded due to a technical caveat that the assay involves puromycin selection (Fig. 3B) . Given that both LINE-1 and shRNA (control or against IFNAR1) harbor the puromycin resistance marker, the actual effect of IFNAR1 knockdown on increasing the number of GFP-positive cells can be underestimated. To corroborate these data using an alternative assay that does not involve puromycin selection, we have used co-transfection of LINE-1 plasmid with a plasmid for expression of red fluorescent protein (mCherry, RFP) followed by FACS-based detection of double positive GFP ϩ /RFP ϩ cells. Furthermore, given that shRNA reagents are capable of inducing IFN response (34), we aimed to avoid possible RNAi-elicited artifacts. To this end, we analyzed retrotransposition of LINE-1 in human isogenic cell lines that differ in status of various elements of the IFN pathway (35) . Activation of LINE-1-EGFP was significantly higher in these cell lines that were lacking TYK2 (U1A), STAT1 (U3A) or IFNAR2 (U5A) compared with parental fibrosarcoma 2fTGH cells (Fig. 4, B and C) . Furthermore, APRIL 17, 2015 • VOLUME 290 • NUMBER 16
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U1A cells that were reconstituted with wild type TYK2 (WT) noticeably decreased LINE-1 activities. This effect was not seen in U1A cells expressing the comparable levels of catalytically inactive TYK2 (KR) mutant (Fig. 4D) . Furthermore, suppression of LINE-1 retrotransposition was also observed in U5A cells upon their reconstitution with IFNAR2 (Fig. 4E) . These data collectively suggest that endogenous IFN signaling limits propagation of LINE-1 retrotransposon in vitro.
Next we sought to determine whether IFN plays an in vivo role in regulating LINE-1 activities. To this end, we analyzed LINE-1 mRNA levels in testes from wild type mice or animals lacking the IFNAR1 chain of IFN receptor using either semiquantitative RT-PCR (Fig. 5A) or quantitative Q-PCR (Fig. 5B) . As seen from experiments using both approaches, a noticeably greater amount of LINE-1 mRNA was recovered from tissues from Ifnar1 Ϫ/Ϫ mice compared with that from wild type animals. These results collectively suggest that IFN plays a protective role against LINE-1 retrotransoposon activation and propagation.
DISCUSSION
The results presented here link IFN production and activities with the regulation of LINE-1, a major class of retrotransposons, which is common in many types of mammalian cells and which contributes to genome evolution and instability (11) . We propose that activation of LINE-1 triggers expression of low levels of IFN, which, in turn, restricts subsequent LINE-1 retrotransposition. This hypothesis is supported by a correlation between LINE-1 and IFN␤ mRNA expression and the ability of exogenous LINE-1 to induce IFN␤ and several IFN-stimulated genes in vitro ( Figs. 1 and 2 ). Importantly, whereas added IFN suppresses LINE-1 retrotransposition (Fig. 3) , endogenous IFN signaling appears to restrict the propagation of LINE-1 and the activity of this retrotransposon in cultured cells in a manner that involves engagement of IFNAR1/IFNAR2 and stimulation of the JAK-STAT signaling cascade (Fig. 4) . Finally, the activities of LINE-1 in vivo are noticeably increased in IFNAR1-deficient mice (Fig. 5 ).
The counteracting relationship between LINE-1 and IFN activities are reminiscent of how virus-induced IFN plays a key role in mounting the anti-viral defenses. It is worth noting that the current paradigm highlights numerous mechanisms by which viruses limit the stimulation of IFN production or inhibit IFN signaling thus allowing propagation of these viruses (1, 36) . While the nature of similar LINE-1-mediated mechanisms that allow this retrotransposon to ignore IFN signaling is yet to be determined, the putative existence of such mechanisms is supported by the very fact that LINE-1 and other retrotransposons have been propagating for hundreds of millions of years (37) .
It remains to be seen whether IFN can also control other diverse retrotransposons whose activation may also lead to IFN induction. A very robust production of endogenous IFN␤ and the ensuing induction of IFN-stimulated genes was observed concurrently with activation of Short Interspersed Nuclear Element (SINE) B1 and B2 in mouse fibroblasts treated with DNA demethylating agent 5-aza-2Ј-deoxycytidine (38) . Intriguingly, these events along with cell death triggered by produced IFN␤ were seen only in p53-deficient cells. Given the ability of recombinant IFN␤ to induce p53 (39, 40) and the role of p53 in IFNmediated anti-viral effects (41) , it is also possible that the modes of negative regulation elicited by IFN may differ between retrotransposons and active viruses.
The mechanisms underlying the inhibitory effects of IFN on the replication of LINE-1 largely remain to be understood. Whereas IFN has been shown to induce the APOBEC3 members of anti-retroviral cytidine deaminases (42, 43) , and this gene was robustly activated in response to LINE-1 ( Fig. 2A) , the role of these enzymes in suppressing LINE-1 replication remains to be established unequivocally (44 -47) . However, ubiquitously expressed MOV10 (an APOBEC-interacting paralogue of MOV10L1) was found among IFN-inducible genes (31) and has been shown to suppress activities of LINE-1 and other retrotransposons (32) . Our current data demonstrating that MOV10 knockdown relieves suppression of LINE-1 retrotransposition by IFN (Fig. 3) indicate that MOV10 plays a critical role in the IFN-mediated control of LINE-1 activities.
It was hypothesized that an increase in activity of LINE-1 and other retrotransposons is associated with development of autoimmune diseases including systemic lupus erythematosus and Sjogren syndrome (48, 49) . Interestingly, these diseases have also been characterized by increased production and activity of IFN (50, 51) . While these published reports are consistent with our data linking LINE-1 activities and IFN production, the casual relationship between the activity of LINE-1 and IFN signaling in health and diverse diseases and the contribution of these mechanisms to normal and pathogenic processes needs to be further investigated.
